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Due to its fast and high resolution characteristics, dual-comb spectroscopy has attracted an increasing amount
of interest since its first demonstration. In the terahertz frequency range where abundant absorption lines (finger
prints) of molecules are located, multiheterodyne spectroscopy that employs the dual-comb technique shows an
advantage in real-time spectral detection over the traditional Fourier transform infrared or time domain spec-
troscopies. Here, we demonstrate compact terahertz dual-comb spectroscopy based on quantum cascade lasers
(QCLs). In our experiment, two free-running QCLs generate approximately 120 GHz wide combs centered at
4.2 THz, with slightly different repetition frequencies. We observe that ∼490 nW terahertz power coupling of
one laser into the other suffices for laser-self-detecting the dual-comb spectrum that is registered by a microwave
spectrum analyzer. Furthermore, we demonstrate practical terahertz transmission dual-comb spectroscopy with
our device, by implementing a short air path at room temperature. Spectra are shown of semiconductor samples
and of moist air, the latter allowing rapid monitoring of the relative humidity. Our devices should be readily
extendable to perform imaging, microscopy and near-field microscopy in the terahertz regime.
Compared to traditional Fourier transform infrared and time
domain spectroscopies [1–4], dual-comb spectroscopy [5–8]
shows advantages not only in fast data acquisition but also in
terms of high spectral resolution. In the terahertz frequency
range, due to the high power and broad frequency cover-
age, the electrically pumped terahertz quantum cascade laser
(QCL) [9] is an ideal candidate for dual-comb multihetero-
dyne spectroscopy.
Although multiheterodyne detection using QCL combs has
already been demonstrated using either an on-chip configura-
tion [10, 11] or a laser + fast external detector system [12–
14], a compact dual-comb system is still much in demand
for practical applications. Concerning the on-chip dual comb,
it is indeed compact, but it is incapable of substance detec-
tion because the optical coupling between two laser combs is
through the edge of the bottom metal for double-metal waveg-
uide QCLs [10, 11] or the laser substrate for single plasmon
waveguide QCLs [15]. Multiheterodyne detection using fast
terahertz detectors, such as Schottky mixers [13, 16], super-
conducting hot-electron bolometers [13, 17], or quantum well
infrared photodetectors [18], is exploitable for the detection
of molecular finger prints. However, the external fast detector
will increase the complexity of the system. The recent trend
for the development of terahertz dual-comb spectroscopy is
toward compact setups and miniaturization, for example, by
using single-cavity mode-locked fiber lasers [19] or electro-
optic modulation [20].
In this work, we propose a compact terahertz multihetero-
dyne spectrometer based on two QCL frequency combs.
There are no moving parts in the compact system and only
one cryostat is needed. No optical mirror is used for the op-
tical coupling and alignment. Employing the self-detection
of QCL combs, multiple dual-comb spectra at different car-
rier frequencies resulting from free-space optical coupling are
successfully obtained. Furthermore, the water absorption and
transmission of a GaAs etalon are measured using the multi-
heterodyne dual-comb system. The microwave-terahertz fre-
quency link is also determined.
Figure 1a shows the schematics of the compact terahertz
multiheterodyne dual-comb system. The two terahertz QCLs
(Comb1 and Comb2) with a hybrid active region (bound-to-
continuum for photo emission and resonant-phonon for fast
carrier depopulation) [21] and a single plasmon waveguide
are placed face to face. An optimal ridge width of 150 µm
is employed to obtain a flat group velocity dispersion for ideal
frequency comb operation [22]. One of the lasers, Comb2,
is used as a fast detector for recording the down-converted
dual-comb spectra. The QCL can be used as a fast detec-
tor due to the fast intersubband relaxation process in the ac-
tive region [23]. Because the two laser combs are spatially
separated, the multiheterodyne system can be used for fast
spectral detection by introducing samples between the laser
combs. The compact multiheterodyne detection is made pos-
sible by judiciously designing a Y-shape holder, as shown in
Figure 1b. The two laser combs sit on the two branches of
the holder, with a high density polyethylene vacuum cap de-
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FIG. 1. Schematics of the compact terahertz dual-comb multihetero-
dyne system. (a) Optical coupling of the two terahertz QCL combs
and illustration of microwave frequency synthesis. fb1 and fb2 de-
note the intermode beat note frequencies of Comb1 and Comb2, re-
spectively. The molecules in (a) represent samples for the dual-comb
spectroscopy. (b) Y-shape dual-comb geometry with a vacuum cap.
(c) Photo of the Y-shape holder. The distance between the two out-
put laser facets is 20 mm. The two laser combs have identical di-
mensions (a 6-mm-long cavity and a 150-µm-wide ridge). The thick
black arrows in (b) and (c) schematically show the terahertz beam
propagating directions.
signed to create a sample chamber (open air, as shown in Fig-
ure 1b) between the combs. Figure 1c shows an optical photo
of the Y-shape holder with the two laser combs mounted on
the branches. The distance between the two output laser facets
is 20 mm.
The multiheterodyne system shown in Figure 1 is com-
pact and does not need additional fast detectors and optics for
alignments. From the schematic illustration shown in Figure
1a, we understand that, due to the divergent emission of ter-
ahertz QCLs, only a very small portion of the terahertz light
emitted from Comb1 finally couples into the detection comb
(Comb2). The power that is coupled into Comb2, P, can be
written as
P= P0×
∫
α0
∫
β0 I(α,β )dαdβ∫
total I(α,β )dαdβ
, (1)
where P0 is the total power of Comb1 that reaches the facet
plane of Comb2, I(α,β ) is the far-field intensity distribution
obtained from Figure 2b, α and β denote, respectively, hor-
izontal and vertical angles. The numerator in Equation 1 is
the intensity integral that measures the light interacts with the
detector (Comb2). α0 and β0 are horizontal and vertical angu-
lar ranges obtained by considering the field distribution of the
laser comb on the facet (see Figure 2c) and a 20-mm distance
between the two laser combs. The denominator in Equation 1
depicts the total far-field intensity. By considering a 50% loss
(window transmission and water absorption), P0 can be esti-
mated to be 1.3 mW (see Figure 2a for the measured optical
power of Comb1). From Figure 2a, we can find that even the
two lasers have similar dimensions, the electrical and optical
characteristics are still not the same. This is because during
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FIG. 2. (a) Light-current-voltage characteristics in continuous wave
(cw) mode of the two lasers recorded at a stabilized temperature of
30 K. (b) Far-field beam profile of Comb1 measured at 1000 mA. (c)
Calculated two-dimensional electric field distribution of the funda-
mental mode at 4.2 THz for the QCL structure. w, h, and d denote
the ridge width, the ridge height, and the depth into the substrate that
the optical mode can reach, respectively.
the fabrication and mounting processes, imperfections such as
the nonuniform etching of the ridge and defects on the cleaved
laser facets can affect the laser performance. From the hori-
zontal and vertical field dimensions shown in Figure 2c, α0 is
calculated to be between -0.09◦ and +0.09◦, and similarly β0
is between -0.21◦ and +0.21◦. The ratio R=
∫
α0
∫
β0
I(α,β )dαdβ∫
total I(α,β )dαdβ
is then calculated to be 3.81×10−4. Finally, we are able to
estimate that the power P that is injected into Comb2 for gen-
erating the multiheterodyne beats is ∼490 nW. Note that the
coupled power P is estimated by considering the practical far-
field beam pattern that was measured with an angle step of
1◦. To calculate the integral in Equation 1, an interpolation
method was used to mesh the original experimental data into
a two-dimensional data with an angle step of 0.01◦. Actually,
the coupled power is related to the optical injection locking in
lasers. Our tests for the on-chip dual-comb devices show that
as the two single plasmon QCLs are spatially separated by less
than 400 µm, optical injection locking occurs, which results
in no difference between fb1 and fb2. Once the two lasers
are optically locked with each other, no dual-comb spectra can
be observed. Similar to the on-chip dual-comb configuration
[15], for the current setup employing the same self-detection
scheme, strong optical coupling between the combs should be
avoided due to the optical injection-locking effect, which is
also the reason why optics are not used in this work to im-
prove the optical coupling.
Before the dual-comb operation, we first evaluate the comb
characteristics of one single laser comb by electrically mea-
suring the intermode beat note using the laser itself as a de-
tector [10, 23, 24]. Figure 3a plots the intermode beat note
mapping of Comb2 to show the full picture of the comb be-
havior in the entire current dynamic range. As the current
is below 900 mA, the intermode beat note spectra are char-
acterized by either broad signal or multiline structures, which
indicates that the laser is not working as a comb in this current
regime. Frequency comb operation characterized by a single
narrow intermode beat note is obtained in the current range
between 950 and 1100 mA, which is marked by the two verti-
cal dashed lines. The intermode beat note mapping of Comb1
is also measured and shown in Figure S2 (Supporting Infor-
3mation). Note that Comb1 is not mounted with a microwave
transmission line. To measure its intermode beat note signal,
we simply place the RF probe close to the laser chip. Be-
cause there is no physical connection between the laser and
the RF probe, the measured signal is much weaker (45 dB)
than the signal measured from Comb2. However, the comb
operation of Comb1 is also perfectly obtained. To ensure fre-
quency comb operation, the two laser combs are driven in the
current range between 950 and 1100 mA.
For multiheterodyne dual-comb detection, similarly to the
intermode beat note measurement shown in Figure 3a, we em-
ploy the QCL self-detection scheme (details of the dual-comb
measurement setup are shown in the Supporting Information,
Figure S1). The two laser combs are electrically driven by
two different DC power supplies. The two laser combs emit
terahertz light simultaneously and the light from one comb
will couple into the other comb via the free-space. The multi-
heterodyne beating signal is detected by Comb2 and the dual-
comb spectrum can be recorded in real-time using a spectrum
analyzer with the assistance of a microwave amplifier.
To successfully obtain the downconverted dual-comb spec-
tra, the two laser combs should demonstrate narrow beat note
lines with a slight frequency difference (∆ f=| fb1- fb2|) which
determines the line spacing of the downconverted dual-comb
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FIG. 3. (a) Intermode beat note mapping of laser Comb2 measured
with an RBW of 100 kHz. (b) Intermode beat notes measured from
the detection comb (Comb2) with an RBW of 2 MHz when the two
laser combs are simultaneously switched on. (c), (d) The measured
linewidths of fb1 and fb2, respectively. (e) Representative dual-
comb spectra at approximately 1.07 and 5.08 GHz. (f) Allan devia-
tion of the amplitudes of the dual-comb line, as indicated by the blue
arrow in (e). The inset shows the oscillations of the amplitude of
the dual-comb line. The data shown in (b)-(f) were recorded as QCL
Comb1 and Comb2 operated at 1000 and 945 mA, respectively, in
cw at a heat sink temperature of 20 K.
spectrum. In Figure 3b, we show the intermode beat note sig-
nal measured when Comb1 and Comb2 are simultaneously
operated at 1000 and 945 mA in cw mode, respectively. Be-
cause the signal is measured via the microwave transmission
line, which is electrically connected to the detection comb
(Comb2), the signal at fb2 is much stronger than that at fb1.
The frequency difference between fb1 and fb2 (∆ f ) is mea-
sured to be 8 MHz which is equal to the measured line spacing
of the downconverted dual-comb spectra shown in Figure 3e.
The high resolution beat note spectra for Comb1 and Comb2
are shown in Figures 3c and 3d, respectively, as measured
with a resolution bandwidth (RBW) of 500 Hz. The measured
linewidths for both signals are comparable; i.e., they are <500
Hz and 1.3 kHz for fb1 and fb2, respectively.
The dual-comb generation results from the multiheterodyne
beatings of the two sets of terahertz modes. Different beating
processes can generate dual-comb spectra at different carrier
frequencies in the microwave range (the detailed beating pro-
cesses are schematically described in the Supporting Infor-
mation, Figure S3a). Each downconverted dual-comb line is
from the beating between one terahertz mode of Comb1 and
one terahertz mode of Comb2. Note that the beatings of the
neighboring terahertz modes and the beatings between modes
that are far separated can generate dual-comb signals. In this
work, four dual-comb spectra up to 11 GHz were success-
fully observed (see the Supporting Information, Figure S3b).
Due to differences in the nonlinear mixing strengths of the
terahertz modes and the signal attenuations of the microwave
cables at different frequencies, the dual-comb line number de-
creases as the frequency is increased. Figure 3e shows two
representative dual-comb spectra at lower carrier frequencies
at approximately 1.07 and 5.08 GHz generated from processes
1 and 2, respectively (see the Supporting Information, Figure
S3a). We can see that the two dual-comb spectra shown in Fig-
ure 3e almost mirror each other with respect to the frequency
between them [(1.07+5.08)/2=3.075 GHz]. This mirror effect
directly shows that the two dual-comb spectra have opposite
microwave-frequency links (see the Supporting Information,
Figure S4), which also proves that the spectra shown in Figure
3e are dual-comb signals resulting from the multiheterodyne
beatings. Concerning the generation of downconverted dual-
comb spectra, at some drive currents, one group of dual-comb
lines can overlap with another group of lines. This aliasing
can be intentionally avoided by carefully tuning the currents
of the two laser combs.
To further demonstrate the free-space optical coupling and
real-time detection characteristics of the dual-comb system,
we recorded a video to show that the dual-comb spectra with
an A4 paper or metal board in the beam path can be obtained
in real time (see the Supplementary Video).
Noise properties are critical for a dual-comb system, deter-
mining how stable a system is for practical measurements. To
evaluate the noise properties of the current dual-comb system,
an Allan deviation analysis of the amplitudes is performed for
the dual-comb line indicated by the blue arrow in Figure 3e.
The amplitudes of the selected RF line were measured with a 2
4µs time resolution for a total acquisition time of 200 ms. The
Allan deviation of the normalized amplitude oscillations (see
the inset of Figure 3f) as a function of the integration time is
shown in Figure 3f. The Allan deviation decreases monoton-
ically with the integration time when the latter is shorter than
20 ms. When the integration time is longer than 20 ms, oscil-
lations in the Allan deviation can be observed. However, these
oscillations do not show up for other Allan deviation measure-
ments with a longer acquisition time of 1 s (see the Support-
ing Information, Figure S6). Therefore, we attribute the os-
cillating behavior in Figure 3f to some mechanical vibration
noise during the measurement. We also compare the ampli-
tude noise with those obtained from other dual-comb systems
based on QCLs. At an integration time of 1 ms, we obtained
an Allan deviation at the 10−3 level similar to that measured
from a mid-infrared QCL dual-comb system [12]. At an in-
tegration time of 100 ms, our amplitude noise is two orders
lower than that measured from a terahertz QCL dual-comb
system [14].
In Figure 4, we verify that the multiheterodyne system is
capable of spectroscopic applications. Figure 4a shows the
terahertz emission spectra of Comb1 and Comb2 driven at 981
and 1015 mA, respectively, at a stabilized heat sink tempera-
ture of 34.5 K. Note that the pumping conditions and opera-
tion temperature of the two laser combs for the measurement
shown in Figure 4 are not the same as those used in Figure 3.
Therefore, the dual-comb bandwidth, line number, and dual-
comb central frequency are different from those reported in
Figure 3. The shaded area in Figure 4a sketches the frequency
range where the two combs strongly interact with each other
to generate dual-comb spectra (see the inset of Figure 4b). The
first spectroscopy is performed with a sample of water vapor.
We change the relative humidity (RH) of the sample cham-
ber and measure the dual-comb spectra with an optical band-
width of 120 GHz at a frequency of approximately 4.7 GHz,
as shown in the inset of Figure 4b. The dual-comb spectra are
recorded directly using a spectrum analyzer with an RBW of
2 MHz, a video bandwidth (VBW) of 300 kHz, and a span of
800 MHz (see the Supporting Information for details of the
dual-comb measurement). Then, the peaks are taken from the
dual-comb spectra that were measured at different RH val-
ues for all 21 lines. The transmission plotted in Figure 4b is
obtained by normalizing the peaks to those measured at 1%
RH. We can clearly observe two strong water absorptions at
4.63 and 4.71 GHz in the microwave regime marked by lines 7
and 11, respectively. To roughly calibrate the frequency from
microwave to terahertz, the water absorption lines extracted
from the HITRAN database are also plotted as blue lines in
Figure 4b. The estimated terahertz frequencies for the dual-
comb lines from modes 1 to 21 are between 4.139 to 4.261
THz, covering an optical bandwidth of 122 GHz, which agrees
well with the frequency range shown in Figure 4a for gener-
ating dual-comb spectra. We find that lines 7 and 11 well
correspond to the two strong water absorptions at 4.17 and
4.193 THz, respectively. Because the absorption at 4.17 THz
is three times stronger than the one at 4.193 THz, the dual-
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FIG. 4. (a) Emission spectra of the QCL Comb1 (black) and Comb2
(red). The shaded area depicts the frequency regime where the two
laser combs are spectrally overlapped for dual-comb generations. (b)
Peak intensities of dual-comb spectra at different RH values. All the
data were normalized to the results measured at 1% RH. The num-
bers 7, 11, and 15 denote the line index of the dual-comb spectra that
correspond to the three water absorptions at 4.17, 4.193, and 4.221
THz, respectively. The water absorption lines obtained from the HI-
TRAN database are also shown in (b) for an approximate frequency
calibration from microwave to terahertz. The inset shows a typical
dual-comb spectrum measured with an RH of 1%. (c) Power as a
function of RH for line 7 and 11. The scatters are measured results,
and the solid lines show the linear relationship between the mea-
sured power and the RH. The horizontal line shows the noise level
of the dual-comb measurement system. (d) Transmission of a 625-
µm-thick GaAs etalon measured using the dual-comb system. The
circles are the extracted peak intensities from the dual-comb lines.
The black curve is a simulation for comparison. All the data were
recorded when Comb1 and Comb2 were operated at 981 and 1015
mA, respectively, in cw at a stabilized heat sink temperature of 34.5
K.
comb absorption marked by line 7 should, in principle, be
deeper, which contradicts the measured result. This is due to
the signal-to-noise ratio limit of the dual-comb measurement
system. The multiheterodyne dual-comb spectra measured at
different RH values are plotted in Figure S7 (Supporting In-
formation). Due to the strong absorption at 4.17 THz, when
the RH is larger than 20%, line 7 becomes very weak, and the
power drops into the noise level. Therefore, we see that the
peak at line 7 “saturates" when the RH is larger than 20%.
Figure 4c shows the RH dependence of the power for lines 7
(red diamonds) and 11 (green circles). It can be clearly seen
that the power of line 11 has a linear relationship with the RH,
which follows Lambert’s law for water absorption [25, 26].
The linear relationship can be employed to measure and cal-
ibrate the RH values of water vapor. However, the power of
line 7 drops dramatically into the noise level (2.17-2.48×10−9
mW, as indicated by the horizontal gray line), which is ex-
tracted from the dual-comb spectra shown in Figure S7. Lim-
5ited by the signal-to-noise ratio, the linear dependence be-
tween the line power and the RH cannot be observed in the
entire RH range for line 7. Here, it is worth mentioning that
other than lines 7 and 11 in the dual-comb transmission plot
shown in Figure 4b, another deep spectrum marked by line
15 can also be observed, corresponding to the water absorp-
tion at 4.221 THz. Due to the same signal-to-noise ratio limit
(see Figure S7, Supporting Information), the water absorption
marked by line 15 is less pronounced.
We also employ the dual-comb system to measure the trans-
mission of a GaAs etalon to further verify its ability for
spectroscopy. Figure 4d shows the measured transmission
of a 625-µm-thick GaAs etalon (red circles) together with
the simulated transmission (black curve). The experimental
data shown in Figure 4d are obtained by taking ratios of the
peak intensities of the dual-comb spectra measured with and
without the GaAs etalon. The estimated terahertz frequency
is obtained by using the two water absorption lines shown
in Figure 4b. The simulation is performed by employing a
transfer matrix method [27]. Unfortunately, due to the sig-
nal attenuation introduced by the thick sample, the effective
optical bandwidth for this measurement is approximately 50
GHz from 4.15 to 4.20 THz. However, the agreement be-
tween the experimental data and the simulation verifies that
the multiheterodyne system is capable of spectroscopies. To
further prove its validity for spectroscopy, we also measure the
dual-comb transmission for another thinner GaAs etalon with
a thickness of 200 µm (see Figure S9, Supporting Informa-
tion). When the thickness is reduced to 200 µm, the spacing
between two transmission maxima increases. Although the
dual-comb transmission cannot depict the full picture of the
transmission with frequency due to the limited optical band-
width, the simulation qualitatively fits the measured results.
Optical feedback is a critical issue for the frequency comb
and dual-comb operations. In general, the feedback can affect
the comb states, especially when an etalon sample is placed
in our dual-comb system. Because of this, we investigate
the feedback effect in the current dual-comb system. A two-
dimensional finite-element simulation is employed to quantify
the power reflected back from the etalon to the laser cavity.
Details of the simulation can be found in the Supporting In-
formation. Figure S10 (Supporting Information) shows the
calculated electric field distribution and the feedback power
ratio (Pr/Pi, here Pi is the injection power at the laser emitting
facet and Pr is the measured reflected power at the port that is
close to the laser facet) as a function of the distance between
the laser and the etalon. It has been found that without any
optics for alignment, the power that is reflected back to the
laser cavity is very small (∼10−10 feedback power ratio). Be-
cause of the weak feedback, the frequency comb operation is
not destroyed during the etalon transmission measurement.
In the current dual-comb system, the other laser, Comb1,
can also be used for multiheterodyne detection. If both dual-
comb signals detected by Comb1 and Comb2 can be acquired
simultaneously, the noise can be significantly reduced. How-
ever, as we already explained, because there is no physical
wire connection between the laser chip and the RF probe for
the mounting of Comb1, the measured RF signal is much
weaker than that measured from Comb2. From the data shown
in Figures 3d and 3e where Comb2 is used as a detector, the
dual-comb signal is ∼30 dB weaker than the intermode beat
note signal. We can simply assume that when Comb1 is used
as a detector, the measured power difference between the dual-
comb and intermode beat note signals is 30 dB. From Figure
S2, we can roughly calculate the power of the dual-comb sig-
nal measured from Comb1 (i.e., -105 dBm), which is far be-
low the noise level of the dual-comb measurement system (-86
dBm, as shown in the inset of Figure 4b and measured with
an RBW of 2 MHz and a VBW of 300 kHz). Furthermore,
as shown in Figure 2a, the output power of Comb2 is much
smaller than that of Comb1, and therefore, the coupled power
into Comb1 for multiheterodyne detection is also lower. Both
factors mentioned above make it difficult to measure the dual-
comb signals simultaneously to reduce the noise. In the cur-
rent dual-comb system, an effective way to reduce the noise is
to increase the integration time for data acquisition.
In Figures 4(b) and 4(d), the estimated optical frequency is
given in THz. Note that the microwave-terahertz frequency
link depends on the relative line positions of the two sets of
terahertz comb lines and the relative magnitudes of fb1 and
fb2 (see the Supporting Information, Figure S4). The mir-
rored feature of the dual-comb spectra at approximately 1.07
and 5.08 GHz shown in Figure 3e indicates that the two sets
of dual-comb lines have an opposite microwave-terahertz fre-
quency link. However, because the relative line positions of
the two sets of terahertz modes are unknown in the current
free-running dual-comb system, it is difficult to determine the
specific frequency link for the dual-comb spectra; i.e., we can-
not establish wether the increase in microwave frequency cor-
responds to either an increase or a decrease in the terahertz fre-
quency. In our dual-comb system, the water absorption lines
given by the HITRAN data and the transmission measurement
of the GaAs etalon shown in Figure 4 can be used to determine
such microwave-terahertz frequency link. We finally find that
for the dual-comb spectra at approximately 5.08 GHz (1.07
GHz), the increase in the microwave frequency corresponds
to an increase (decrease) in the terahertz frequency. To firmly
prove that the microwave-terahertz frequency link shown in
Figure 4 is correct, the transmission spectra of moist air and
GaAs etalon are replotted by flipping the terahertz frequency
as shown in Figure S5 (see the Supporting Information). We
find that when we change the frequency link by flipping the
terahertz frequency, the measured transmission of the 625-
um-thick GaAs etalon cannot match with the calculated re-
sult. Therefore, the correctness of the frequency link shown
in Figure 4 is further proved. Once the microwave-terahertz
frequency link is calibrated, it can be directly used for other
measurements.
Although the dual-comb system proposed in this work
demonstrates the capability of real-time terahertz dual-comb
spectroscopy using the self-detection scheme, it is currently
not suitable for high precision applications because external
6frequency stabilization is not applied. The ambient water ab-
sorptions are normally ∼1 GHz wide and the long-term (3
minutes) frequency drift of our laser combs is at the hun-
dred kHz level, which is measured by employing the “max-
hold" function of a spectrum analyzer [28]. Therefore, the fre-
quency stability of the dual-comb system is sufficient for the
spectroscopic measurement of ambient water absorptions. It
is worth noting that in the spectroscopic measurement shown
in Figure 4, an RBW of 2 MHz is used to record the dual-comb
traces, and we do not pay much attention to the spectral reso-
lution. The second group of multiheterodyne modes is chosen
for spectroscopy simply because this group shows more lines
with a higher and more evenly distributed power (see Figure
4b and Figure S8, Supporting Information). It is true that the
second group of multiheterodyne lines results from the beat-
ing of terahertz modes that are more separated compared to
the first group of lines, which can play an important role in
high resolution spectroscopy. To demonstrate that the other
groups of dual-comb lines can also be used for spectroscopy,
the transmission of water vapors at different RH values mea-
sured using the first and third group of lines are shown in
Figures S8a and S8b (Supporting Information), respectively.
However, due to the smaller number of lines and the poor
signal-to-noise ratio, the results shown in Figure S8 are not
as good as those measured using the second group of lines.
In the future, there is still some work to do to optimize the
dual-comb system for high resolution applications. First, the
frequency stability and optical bandwidth can, in principle,
be significantly improved by external radio frequency (RF)
injection and phase locking techniques [23, 24, 29]. Further-
more, the RF injection can also tune the terahertz frequency
for high resolution spectroscopy in combination with the drive
current/voltage tuning techniques. For instance, by sweeping
one of the combs with the tuning techniques and fixing the
other comb, a higher spectral resolution is definitely feasible
with this compact system. Second, to improve the signal-
to-noise ratio of the multiheterodyne lines, the distance be-
tween the two laser combs, which determines the coupling
strength of the two combs, can be optimized to find a balance
between optical coupling and injection locking. In addition,
some small optics (such as an aspheric silicon lens or off-axis
parabolic mirrors) can be used to improve the optical coupling
between the two lasers, which can further improve the signal-
to-noise ratio of the present dual-comb system. Third, the rel-
ative phase relationship between the two sets of modes could
be further locked to increase the stability of the system. This
can be achieved by sending one of the dual-comb lines to a
phase lock loop module and then locking all the multihetero-
dyne lines without locking the carriers of the combs. Finally,
for a controllable terahertz spectroscopy, a gas cell with pres-
sure control is ideal for more accurate measurements. How-
ever, the addition of a gas cell is problematic in the current
dual-comb configuration due to the limited working distance
between the two laser combs.
In summary, we have demonstrated a compact and real-
time terahertz dual-comb system that employs a self-detection
scheme based on QCLs. The real-time multiheterodyne dual-
comb was successfully obtained with∼490 nW terahertz light
coupled into the detection comb. The multiheterodyne sys-
tem with an optical bandwidth of 120 GHz shows the ability
to perform ambient water absorption and etalon transmission
measurements. The portable system can be potentially imple-
mented in various application scenarios for fast spectroscopy
and/or toxic substance identifications.
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